Abstract: A novel feed-forward phase noise reduction scheme is introduced to reduce the phase noise of an optical frequency comb. The phase noise of a single comb line is measured using a heterodyne technique, and the inverse of this signal is then applied to the entire comb. The method is capable of simultaneously reducing the phase noise of multiple lines and is limited only by the correlation of phase noise across the comb. Experimentally, we demonstrate a reduction in the optical linewidth of a 16-mode optical frequency comb derived from a mode-locked semiconductor laser from around 20 MHz to less than 300 kHz, with 11 of the 16 output spectral modes possessing optical linewidths less than 100 kHz.
Introduction
The phase noise present on the individual modes of an optical frequency comb (OFC) is a critical concern when considering coherent optical communication systems, especially those employing higher order modulation formats such as 16-quadrature amplitude modulation (QAM) or optical superchannels [1] , [2] . As a result there has been a concerted effort to develop low phase noise frequency combs at wavelengths around 1550 nm. Impressive results have been demonstrated in systems using optical microresonators [3] , cascaded electro-optic modulators [4] , and the optical injection of passively modelocked [5] and gain-switched lasers [6] . In this paper, we consider the additional improvement to the optical phase noise of a frequency comb possible through the application of a feed-forward technique. By measuring the phase noise of a single line of the comb, then applying the inverse of this measured phase to all lines of the comb, we are able to simultaneously reduce the linewidth of all comb modes. In a recent work, Aflatouni et al. demonstrated how a single-frequency distributed feedback (DFB) laser with few-MHz linewidth could be linewidth reduced down to below 2 kHz using a feed-forward phase-estimation interferometer [7] . While the work shows excellent phase noise suppression, it was only applied to a single-frequency source. In addition, an interferometric measurement of this type only provides the frequency chirp proportional to the differential of the time-dependent phase variations. This introduces an additional complication as high-speed integration using analogue electronics is required to convert from frequency chirp to temporal phase noise.
In this paper, we propose a feed-forward phase noise reduction system based on a much simpler heterodyne system that reduces the phase noise of a signal under test to that of the optical local oscillator used in the coherent receiver. We demonstrate the viability of this technique through the experimental reduction of the optical linewidth of a single frequency DFB laser from 9.4 MHz to only 37 kHz. We then show that this technique can be simply extended to simultaneously reduce the phase noise of multiple spectral modes of an optical frequency comb. Experimentally, we demonstrate the simultaneous reduction of the linewidths of 16 modes, derived from a passively modelocked laser diode, from ∼20 MHz to below 300 kHz, which would be sufficiently low phase noise for coherent optical communications using 10GBaud 16-QAM [2] . We note that the feed-forward technique of this paper is fundamentally different to the feed-back techniques typically employed to reduce the linewidth of a laser. In a feed-forward system, there is no requirement to have any access to, or control over, the operational parameters of the optical source. Indeed, the feed-forward mechanism can be applied to the optical signal at any point in the system, even if it is remote from the optical source.
Theory
Our feed-forward phase noise suppression technique is mathematically described below. We begin our analysis by considering the effect of the feed-forward operation on a single optical line and then extend this analysis to an optical frequency comb. We consider the electric fields of a signal laser, E s ðt Þ, with a large phase noise component, s ðt Þ, and a local oscillator E LO ðt Þ with a low phase noise component LO ðt Þ:
where P s and P LO are the powers in the signal and the local oscillator, and ! s =2 and ! LO =2 are the signal and LO carrier frequencies. The difference frequency between these fields is defined as Á ¼ ð! s À ! LO Þ=2. When these fields are combined together in a balanced heterodyne receiver the detected photocurrent, i p ðt Þ, is given by
The phase noise of the signal under test can be compensated by passing the optical signal through a Mach-Zehnder intensity modulator (MZM) biased about its transmission null. Around this point the field transfer function of the MZM is linear. Applying a voltage proportional to (3) to the MZM will then generate an output electric field, E out ðt Þ, with three important terms:
Here, V and c are the modulator's " phase shift" voltage and extinction ratio, and k is the product of the coherent receiver's transimpedance gain and its responsivity (i.e.,
. The three components of the optical signal at the output of the modulator are E out C ðt Þ which is a copy of the input signal suppressed by c , and E out USB ðtÞ and E out LSB ðt Þ which are the upper side-band (USB) and lower side-band (LSB) modulation components. The USB term now has twice the initial phase noise, 2 s ðtÞ, whereas for the LSB the initial phase noise has been completely canceled out, leaving only the residual phase noise of the local oscillator. If the modulator is followed by a narrow band-pass optical filter it is possible to filter out the USB leaving only the phase noise suppressed LSB as the final output.
Phase Noise Suppression of a Single Laser Line
We first demonstrate the efficacy of this system by measuring the linewidth reduction possible for a single-mode DFB laser. Experimentally, the heterodyne-based receiver (see Fig. 1 ) is simple to implement with standard telecommunications components. The signal under test is split at a 90/10 optical coupler, with 90% going through to the MZM, and the 10% going to the heterodyne stage. The heterodyne receiver comprises a wavelength tunable, low-linewidth LO laser that passes through a variable optical attenuator (VOA), before being combined with the 10% tap of the DFB signal in a 50/50 optical coupler. A polarization controller (PC) is used to ensure the two optical fields are co-polarized. The frequency detuning between the LO and DFB is set nominally to Á ¼ 2:675 GHz. This combined signal is detected with a 17 GHz-bandwidth balanced optical receiver, the output from which is electrically amplified and bandpass filtered between 2-6 GHz. This electrical signal is applied to the MZM, which is biased at its null transmission point. To control the amplitude of the electrical signal driving the MZM, the attenuation of the VOA is adjusted. The output of the MZM contains three dominant modes as predicted by (4)- (6); the LSB signal with compensated phase noise, a copy of the original signal suppressed by the extinction ratio of the MZM, and the USB signal with twice the initial phase noise. The E out USB ðt Þ component is suppressed here using a standard passive athermal delay-line interferometer (DLI) with a free spectral range (FSR) of 10.7 GHz, which corresponds to exactly 4 Â Á. Fig. 2(a) shows the optical spectrum at the output of the modulator before the delay-line interferometer. The measurement is made by measuring the spectrum of the RF beat signal between the optical signal and a second independent low-noise optical local oscillator detuned by ∼5 GHz from ! s =2 [8] . It clearly shows all three expected signals, with the USB signal having twice the phase noise, 2 s ðt Þ, of the initial DFB laser (here, the MZM bias is intentionally not set to the exact null position, so E out C ðt Þ is visible). It is clear from Fig. 2(a) the phase noise of the LSB signal has been strongly suppressed. Fig. 2(b) shows the optical spectrum after the delayline interferometer, with both the USB component and the original signal at ! s =2 strongly suppressed (with the MZM bias set correctly). Measurements made with an optical spectrum analyzer (20 MHz resolution) revealed the carrier frequency was suppressed by > 25 dB, and the USB component by > 40 dB. The total insertion loss of this system from input signal to phase noise reduced output signal is ∼8 dB. Fig. 3(a) shows a delayed self-heterodyne (DSH) measurement (12km of delay fiber) of the linewidth of the initial DFB laser (solid blue line) and the phase noise suppressed output (solid red line). Lorentzian curves were fitted to this data and revealed optical linewidths of o ¼ 9:4 MHz for the initial DFB, and o ¼ 37:2 kHz for the phase noise suppressed output. This corresponds to a factor of 250 reduction in optical linewidth using our system. Fig. 3(b) shows DSH measurements which compare the LO laser and phase noise suppressed output, which appear to be very similar. Here, the optical linewidth of the LO is o ¼ 29:9 kHz, demonstrating that the majority of the residual optical linewidth of the phase noise suppressed output signal is due to the LO. Fig. 2 . Optical heterodyne spectra measured for (a) the unsuppressed output of the DFB laser through the MZM and (b) the output signal showing carrier and USB suppression. Both spectra are measured using a second optical local oscillator detuned by ∼5 GHz from the input signal's optical frequency. Fig. 3 . Delayed self heterodyne measurements of (a) the initial DFB laser and the phase noise suppressed signal and (b) a comparison between the LO and phase noise suppressed signal.
Phase Noise Suppression of an Optical Frequency Comb
The setup as presented in the previous section is of limited practical use as it requires a lownoise optical source, in the form of the local oscillator, as a reference to reduce the phase noise of the optical signal. However, the key advantage of this system is that it can be trivially extended, with no change in the experimental setup, to work with multi-carrier sources including actively and passively modelocked lasers (PMLL). By correctly positioning the local oscillator the system can measure the phase noise of any one of the spectral modes. This signal can then be modulated onto all the spectral modes of the input signal. Provided that the phase noise of the modes are well correlated, the phase noise on each spectral mode of the signal under test will be suppressed. Fig. 4 shows a schematic of the system used for multi-carrier phase noise suppression. 16 modes of a passively modelocked semiconductor laser with a repetition rate of 10.7 GHz are selected using a programmable optical filter (Finisar WaveShaper 1000S), Fig. 4 . Experimental setup for the phase noise suppression of a multi-carrier comb source using a feed-forward heterodyne receiver. with a 10% tap of the 16 lines sent to the feed-forward phase noise suppression system. We note that this phase noise suppression section of the setup is unchanged from the original setup (see Fig. 1 ). The LO is detuned by a frequency of þÁ ¼ 2:675 GHz from mode 9 of the 16-mode comb, and this analog signal of the phase noise from the 9th mode is used as the modulating signal to remove the phase noise simultaneously from all of the 16 modes passing through the MZM. Using a delay-line interferometer with a free spectral range of 10.7 GHz here is ideal, as it matches exactly the repetition rate of the passively modelocked laser. The delay-line interferometer can be set such that the peak transmission is aligned with each LSB modulation component of the 16-mode comb (the phase noise reduced component), which ensures the null transmission of the delay-line interferometer is aligned with each USB component of the 16-mode comb, meaning that all the unwanted spectral components are suppressed. Fig. 5(a) shows high-resolution spectra of the 16-mode comb before (solid blue line) and after (solid red line) phase noise suppression, with the modes numbered 1 through 16. Three modes are shown in more detail in Fig. 5(b) , where the large optical linewidth of the initial comb lines is clearly evident (typically, o $ 20 MHz), as is the reduced phase noise of the LSB. The initial comb lines have been suppressed by 30 dB through biasing the modulator exactly at its null, and the USB components by > 40 dB using the delay-line interferometer. Delayed self-heterodyne linewidth measurements for each comb line were performed, and Fig. 6(a) shows optical linewidth against mode number for the input comb (green circles), the phase noise suppressed comb (blue circles), and a reference line (solid red line) depicting the linewidth of the LO that interrogated mode 9 ( o ¼ 28:8 kHz). The input comb lines reveal a near-constant optical linewidth across the modes of ∼20 MHz. The phase noise reduced comb lines all have considerably lower optical linewidths than the initial comb. Fig. 6(b) shows in more detail the linewidth of the phase noise suppressed comb against mode number. The smallest optical linewidth is mode 9, with o ¼ 32:2 kHz. For the worst case (mode 1), the optical linewidth was reduced to o ¼ 270:7 kHz. There is a clear quadratic relationship between residual optical linewidth and frequency detuning from the spectral mode upon which the phase noise was initially determined (here, mode 9). The curvature of this quadratic is determined by the fidelity of the phase correlation across the spectral modes. The passively modelocked semiconductor laser used here has imperfect phase noise correlation, as evidenced by a large measured timing jitter on the pulses of around 1 ps, and therefore, complete phase noise suppression of all spectral modes cannot be simultaneously achieved. Nonetheless strong phase noise suppression is seen across all the modes (from a factor of 70 for mode 1 to a factor of 580 for mode 9).
Conclusion
In this work, we have demonstrated a simple feed-forward method of reducing the phase noise of an optical frequency comb. To validate the performance of this system we experimentally demonstrated the reduction of the linewidth of a single DFB laser from 9.4 MHz to only 37.2 kHz. Using exactly the same setup we were then able to demonstrate the simultaneous reduction the linewidths of 16 selected modes from an optical frequency comb. Experimentally, we were able to reduce the optical linewidth of the comb modes, from around an initial value around 20 MHz to a minimum of 32.2 kHz, with 11 of the 16 spectral modes having their linewidth reduced to less than 100 kHz. To our knowledge, this is the first time a feed-forward correction system has been applied to the simultaneous reduction of the phase noise of multiple modes of a multi-carrier optical signal. The system is particularly suited to the linewidth reduction of actively and passively modelocked laser sources which often suffer significant temporal jitter, which manifests itself in the frequency domain as excess phase noise.
